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Introduction {#sec001}
============

It is well established that the plasma membrane (PM) is the most important component of the cell that maintains its integrity and homeostasis during physiological changes. However, its integrity is regularly infringed by many mechanical or biochemical factors that endanger cell viability. The eukaryotic cells have developed mechanisms that help repair injuries and prevent the release of cytoplasmic components, thus restoring complete functionality or allowing their elimination through apoptosis \[[@ppat.1008016.ref001],[@ppat.1008016.ref002]\]. The first sign of damage to the PM is the uncontrolled entry of Ca^+2^, which activates different mechanisms in order to repair the damaged membrane \[[@ppat.1008016.ref001],[@ppat.1008016.ref003]\].

The repair of injuries by a spontaneous reorganization of membrane phospholipids can only occur if the membrane damage is not recurrent and the lesion is under 0.2 μm in diameter \[[@ppat.1008016.ref003],[@ppat.1008016.ref004]\]. More frequent or larger lesions need the replacement of the damaged area by the elimination of the lesion for which two main mechanisms have been described. One repair mechanism is mediated by the annexins which are Ca^2+^ sensors that merge at the site of damage in the PM and promote its elimination \[[@ppat.1008016.ref004]--[@ppat.1008016.ref007]\]. Another repair mechanism involves the exocytosis of lysosomal acid sphingomyelinase (aSMase) that can trigger the formation of endosomes that internalize the lesion regenerating the integrity of the PM \[[@ppat.1008016.ref007]--[@ppat.1008016.ref009]\]. After damage to the PM and the uncontrolled entry of Ca^2+^, there is a recruitment of lysosomes to the site of the lesion and then they fuse to the PM, releasing the aSMase which hydrolyzes sphingomyelin into ceramide; this, in turn, favors the formation of endosomes that internalize the lesion and restores the integrity of the membrane \[[@ppat.1008016.ref008]--[@ppat.1008016.ref011]\].

Intestinal amoebiasis is a parasitic infection that affects humans and is caused by the protozoan *Entamoeba histolytica*, resulting in 40,000 to 100,000 deaths annually worldwide \[[@ppat.1008016.ref012]--[@ppat.1008016.ref014]\]. *E*. *histolytica* infection is a multifactorial process in which adaptation is the key for parasite survival, which is dictated by specific molecules and the mechanisms to confront the host immune system. The first line of innate immune defense which amoebae confront is the mucus layer that acts as a protective barrier that prevents damage to the intestinal epithelial cells. When the trophozoites overcome this first barrier, the epithelial cells secrete potent pro-inflammatory mediators and chemokines that recruit immune cells, such as neutrophils, which release reactive oxygen species \[[@ppat.1008016.ref015],[@ppat.1008016.ref016]\] and activated macrophages that release nitric oxide \[[@ppat.1008016.ref016],[@ppat.1008016.ref017]\], both damaging the plasma membrane by lipid oxidation. Another protection mechanism of the intestinal epithelial cells is the production and secretion of antimicrobial peptides, such as LL-37 \[[@ppat.1008016.ref018]\] and defensin 2 \[[@ppat.1008016.ref019]\], which has been showed to damage the trophozoites *in vitro*. These peptides destabilize and alter the PM of *E*. *histolytica*, causing an increase in its permeability, reducing the viability of the amoebae. The human complement system is one of the most effective strategies to prevent the dissemination of trophozoites, once the amoebae activate the complement system, the membrane attack complex is formed which lyses the trophozoites \[[@ppat.1008016.ref020],[@ppat.1008016.ref021]\].

In response to the attack of the human immune system, the amoeba confronts it and neutralize the potential damage through molecules called virulence factors. The most relevant molecules are: *i)* Gal/GalNAc lectin that binds to colonic mucin and promotes adhesion to the host cell \[[@ppat.1008016.ref022],[@ppat.1008016.ref023]\] and linking to C8 and C9 subunits interrupting the assembly of the complement on the membrane of the trophozoites \[[@ppat.1008016.ref024]\]; *ii)* cysteine proteases that degrade antibodies such as IgA and IgG \[[@ppat.1008016.ref025],[@ppat.1008016.ref026]\] and the C3 convertase involved in the activation of the classic complement pathway and the amplification of the inflammatory process \[[@ppat.1008016.ref021]\]; also, these enzymes degrade IL-1β, reducing the production of reactive oxygen species and nitric oxide by neutrophils and activated macrophages \[[@ppat.1008016.ref027]--[@ppat.1008016.ref029]\]; *iii)* amoebapores, which are small pore-forming proteins that have the ability to lyse eukaryotic cells in a cell contact-dependent manner \[[@ppat.1008016.ref030]--[@ppat.1008016.ref032]\]. Also, there is another set of molecules called virulence determinants that are indirectly involved in the pathogenic process by regulating the expression of virulence factors, with high gene expression plasticity and conferring adaptation and survival of the amoeba \[[@ppat.1008016.ref033]\]. *E*. *histolytica* is an infectious agent that during the invasive process, either in the intestine or the liver, confronts the different defenses of the host, such as inflammatory response and the complement or the antimicrobial peptides that can directly damage its PM, requiring a mechanism for membrane repair and prevent its cell lysis.

In the present work, we evaluated the participation of aSMases in the PM damage repair in *E*. *histolytica*. The analysis of the *E*. *histolytica* genome revealed the presence of six genes encoding for aSMases that are transcribed under basal growth conditions. The *EhaSM6* coding sequence generates a functional recombinant protein with aSMase activity. The aSMase activity secreted by the virulent strain HM-1:IMSS is stimulated by Mg^+2^ and inhibited by Co^+2^, similarly as for the recombinant enzyme. The *EhaSM6* overexpression in *E*. *histolytica* trophozoites induces an increase in the secreted activity and tolerance to lysis with pore-forming molecules (β-Defensin 2, human complement, Streptolysin O and Magainin), in a Ca^2+^-dependent process. This PM damage induced an increase in the expression of *EhaSM1*, *2*, *5* and *6* genes, meanwhile oxidative stress induced an increase in all of them. Furthermore, we found that the damage to the PM of *E*. *histolytica* induces the exocytosis of lysosomal aSMase, resulting in the formation of membrane patches and endosomes. We propose that membrane damage promotes the migration of lysosomes towards the exposed site of the lesion where they secrete aSMase that induce the endosome formation and thus internalize the lesion, regenerating the integrity of the PM, favoring the amoebic viability and survival. We report for the first time that *E*. *histolytica* possess a mechanism of PM damage repair mediated by aSMase.

Results {#sec002}
=======

Genes encoding acid sphingomyelinases in *E*. *histolytica* are actively transcribed {#sec003}
------------------------------------------------------------------------------------

A search for annotated sequences encoding aSMases was done in the *E*. *histolytica* genome database \[[@ppat.1008016.ref034]\]. Six genes annotated as putative aSMases-like phosphodiesterases were found: *EhaSM1* (EHI_040600), *EhaSM2* (EHI_172510), *EhaSM3* (EHI_118110), *EhaSM4* (EHI_100080), *EhaSM5* (EHI_147020) and *EhaSM6* (EHI_125660). The analysis of the six identified coding sequences for aSMases revealed that they present homology at the protein sequence level. The identified sequences showed conserved domains, but overall, the homology ranged between 11 to 50%, with identity ranging between 11 to 50% ([S1 Fig](#ppat.1008016.s001){ref-type="supplementary-material"}). The alignment of the predicted amoebic sequences with those corresponding to aSMases in other organisms (*Homo sapiens* and *Mus musculus*) ([S1 Fig](#ppat.1008016.s001){ref-type="supplementary-material"}) showed that the all the amoebic sequences exhibited the amino acids involved in catalysis, that have been described for these enzymes, which includes conserved amino acids important for catalysis, sites for metal coordination, the hydrophilic-aromatic cluster, the substrate recognition site \"NX3CX3N\" \[[@ppat.1008016.ref035]\], the cysteines involved in the processing of the C-terminal region associated with the activation of the enzyme \[[@ppat.1008016.ref036],[@ppat.1008016.ref037]\], and N-terminal signal peptide that suggests these enzymes are secreted \[[@ppat.1008016.ref038]\] ([Fig 1](#ppat.1008016.g001){ref-type="fig"}). These conserved residues match with those reported for the aSMases of the nematode *Caenorhabditis elegans*, which has a 30% homology with the human aSMase \[[@ppat.1008016.ref039]\]. The *in silico* analysis of amoebic aSMases revealed that coding sequence renders proteins ranging between 46--49 kDa with a predicted signal peptide of 14 to 20 residues. Also, no transmembrane regions or signals for endoplasmic reticulum retention were identified, which suggests that these proteins are secreted. In addition, four aSMases have a calcineurin-like region (*EhaSM1*, *EhaSM2*, *EhaSM5*, and *EhaSM6*) ([Fig 1](#ppat.1008016.g001){ref-type="fig"}), which suggests their participation in response to stress conditions \[[@ppat.1008016.ref040]\]. qRT-PCR analysis showed that all the putative aSMase genes are transcribed and the *EhaSM6* showed the highest expression (60%) under basal growth conditions ([S2 Table](#ppat.1008016.s009){ref-type="supplementary-material"}).

![Schematic illustration of the functional motifs presents in the *Entamoeba histolytica* aSMases.\
aSMases in *E*. *histolytica* are small proteins (406--425 aa) containing a signal peptide in the N-terminal region (dark gray) followed by a metallophosphoesterase catalytic domain (light gray) and a calcineurin domain only for *EhaSM* 1,2,5 and 6 (black box). In addition, triangles (▲) show predicted metal coordinating residues, circles (●) represent conserved residues involved in substrate recognition loop motif "NX3CX3N". The residues included in the hydrophilic/aromatic cluster are marked with stars (**⋆**). C-terminal cysteines are shown with rhombi (**◆**).](ppat.1008016.g001){#ppat.1008016.g001}

Effect of divalent cations and kinetics of secretion of aSMase activity {#sec004}
-----------------------------------------------------------------------

We found that the six predicted amoebic aSMases genes are transcribed in the HM1 strain under basal growth conditions. Although these putative aSMase enzymes share sequence similarity with well-characterized mammalian aSMases, it is not known if these genes code functional aSMases proteins. The expression analysis showed that *EhaSM6* exhibited the highest expression, for this reason, we cloned the complete ORF in a suitable vector and the recombinant protein was produced in *E*. *coli*. The purified rEhaSM6 exhibited aSMase activity stimulated by Mg^2+^ and inhibited by Co^2+^ ([S3 Table](#ppat.1008016.s010){ref-type="supplementary-material"}). In contrast with previous studies showing that the mammalian enzyme was stimulated by Zn^2+^ \[[@ppat.1008016.ref041],[@ppat.1008016.ref042]\], the amoebic rEhaSM6 was not significantly affected by Zn^2+^ ([S3 Table](#ppat.1008016.s010){ref-type="supplementary-material"}). The aSMases of *E*. *histolytica* have a predicted signal peptide, therefore, the secreted aSMase activity was determined from trophozoites in the exponential growth phase. After 10 min incubation, the secreted activity of HM-1:IMSS trophozoites was determined in the presence of different concentrations (0--20 mM) of divalent cations (Mg^2+^, Mn^2+^, Ca^2+^, Co^2+^ or Zn^2+^), likewise, the EGTA chelator was used to scavenge for trace amounts of metal ions. Mg^2+^ at a concentration of 20 mM stimulated the activity 2.1-fold, while Ca^2+^ and Zn^2+^ did not show a significant effect. Mn^2+^ and EGTA at a concentration of 20 mM inhibited the activity in approximately 40%, while Co^2+^ totally inhibited the activity at concentrations even lower than 1 mM ([Fig 2A](#ppat.1008016.g002){ref-type="fig"}), presenting the same cation requirements or inhibitory effect as for the rEhaSM6.

![Secreted aSMase activity in *E*. *histolytica*.\
**A**. Effect of divalent cations on secreted aSMase activity. After 10 min of incubation, the secreted aSMase activity was determined in the presence of different concentrations of Mg^2+^, Mn^2+^, Ca^2+^, Co^2+^, Zn^2+^ or EGTA (0--20 mM). The percentage of activity of aSMase was determined by comparing with the basal activity in the absence of divalent cations. **B**. Kinetics of the secretion of aSMase activity. The secreted activity of aSMase in DMEM medium at different times of incubation at 37°C. Continuous line, secreted aSMase activity of HM1-SM6HA strain; discontinuous line, the secreted aSMase activity of HM1-HA strain. The results show the average of three independent experiments in duplicate.](ppat.1008016.g002){#ppat.1008016.g002}

To evaluate the biological role of aSMases in the amoebic trophozoites, the aSMase6 was further studied by generating a construct to overexpress it. Transfectant trophozoites overexpressing the *EhaSM6* gene fused to an HA tag in the C-terminus were obtained. The transcript level of *EhaSM6* was evaluated in the overexpressing strain (HM1-SM6HA) by qRT-PCR. The transcript level was 7.2-fold higher in comparison with the control strain transfected with the empty plasmid (HM1-HA) ([Table 1](#ppat.1008016.t001){ref-type="table"}). We measured the secretion of aSMase activity in the control and overexpressing strains at different times of trophozoite incubation. The results indicate that the activity of secreted aSMase in the overexpressing strain increases 3-fold in the first 10 min of incubation in comparison with the control strain. After 30 min the secreted activity remains constant ([Fig 2B](#ppat.1008016.g002){ref-type="fig"}). Secreted aSMase activity was not detected in trophozoites incubated at 4 °C.

10.1371/journal.ppat.1008016.t001

###### Quantitative expression levels of *EhaSM* genes of *E*. *histolytica* in response to SLO exposition.

![](ppat.1008016.t001){#ppat.1008016.t001g}

  Strain         HM1-HA   HM1-HA + SLO   HM1-SM6HA     HM1-SM6HA + SLO
  -------------- -------- -------------- ------------- -----------------
  ***EhaSM1***   1.0      3.98 ± 0.57    1.14 ± 0.55   4.66 ± 0.44
  ***EhaSM2***   1.0      2.95 ± 0.78    1.75 ± 0.22   2.58 ± 0.96
  ***EhaSM3***   1.0      1.43 ± 0.51    1.46 ± 0.35   1.60 ± 0.35
  ***EhaSM4***   1.0      1.17 ± 0.21    1.33 ± 0.15   1.35 ± 0.11
  ***EhaSM5***   1.0      2.56 ± 0.37    0.96 ± 0.29   2.89 ± 0.49
  ***EhaSM6***   1.0      4.16 ± 0.93    7.23 ± 0.82   9.49 ± 0.37

Data were normalized using the ΔΔCT method against the housekeeping gene *Ehgapdh*. The control HM1-HA strain expression ratio is set to 1.0 and that the values represent the fold of over-expression. \* Trophozoites treated with 1.6 ng/μL of SLO for 3 min at 37 °C.

Damage to the amoebic plasma membrane induces the secretion of aSMase activity and increases cell viability {#sec005}
-----------------------------------------------------------------------------------------------------------

SLO is an exotoxin from group A streptococci, which is toxic to eukaryotic cells due to its affinity for cholesterol, but at controlled doses promotes the formation of membrane pores that in consequence triggers the secretion of aSMase required for membrane repair in mammalian cells \[[@ppat.1008016.ref043],[@ppat.1008016.ref044]\]. The effect of SLO on the secretion of aSMase activity in trophozoites of HM1-HA and HM1-SM6HA strains was evaluated. Different concentrations of toxin were tested (0.8--6.4 ng/μL), and the secreted activity of aSMase in trophozoites of amoebic strains was determined. Both strains showed an increase in the secreted activity, reaching a maximum of 8-fold with 1.6 ng/μL of SLO ([Fig 3A](#ppat.1008016.g003){ref-type="fig"}). The secreted aSMase activity in the HM1-SM6HA is at least 2-fold higher than for HM1-HA in all the SLO treatment conditions, except with 6.4 ng/μL where there is a decrease in activity for both strains with respect to toxin-free amoebas. Also, after SLO treatment the amoebic viability was analyzed. The control HM1-HA strain showed a gradual decrease in cell viability, reaching 15% of viability at 3.2 ng/μL of SLO, this is in contrast with the 65% of viability for the *EhaSM6* overexpressing strain ([Fig 3B](#ppat.1008016.g003){ref-type="fig"}). Interestingly, 6.4 ng/μL of SLO, a lytic concentration of the toxin, is associated with the lowest levels of enzyme secretion, suggesting that the secreted activity undergoes an activation process. Therefore, a greater increase in the secreted activity of aSMase is related to enhanced amoebic viability after SLO treatment.

![Secreted aSMase activity and viability of trophozoites treated with SLO.\
**A**. aSMase activity detected in cell-free supernatants of HM1-HA and HM1-SM6HA strains, collected after three min at 37 °C in DMEM medium with different concentrations of SLO (0.8--3.2 ng/μL). **B**. The viability of trophozoites treated with SLO (0.8--6.4 ng/μL) exposed to the toxin for 3 min. The percentage (%) indicates the viability of trophozoites by the exclusion of trypan blue. Different letters over the bars represent statistically significant differences at P ≤ 0.05 (Tukey--Kramer test). **C**. The viability of the trophozoites was also determined using the Live/Dead staining. Live cells were measured by enzymatic conversion of permeable calcein-AM to fluorescent calcein (green). The dead cells were detected by the absorption of ethidium homodimer in the nuclear DNA (red). The percentage (%) indicates the viability of the trophozoites by counting the green stained cells from a total of 250 cells. a. HM1-HA strain and b. HM1-SM6HA strain without exposing to SLO. c. HM1-HA strain and d. HM1-SM6HA strain exposed to SLO (1.6 ng/μL) for three min in DMEM medium containing 1.8 mM Ca^+2^.](ppat.1008016.g003){#ppat.1008016.g003}

The viability of trophozoites of both strains was also evaluated using Live/Dead staining. After treatment with 1.6 ng/μL of SLO for three min, the viability of HM1-HA and HM1-SM6HA strains were 25.45% and 77.84%, respectively ([Fig 3C](#ppat.1008016.g003){ref-type="fig"}). The viability values were similar to those obtained by the exclusion of trypan blue ([Fig 3B](#ppat.1008016.g003){ref-type="fig"}).

To rule out that the rise in aSMase activity in the supernantat after SLO tratment, alcochol dehydrogenase (ADH), a cytoplasmic enzyme, activity was measured in *E*. *histolytica* trophozoites. Activities of aSMase and ADH were monitored over time to determine a correlation to cellular integrity. By measuring the release of the cytoplasmic marker enzyme ADH in trophozoites of both strains, only 15% of total activity was released from amoebae without and with low SLO exposition (1.6 ng/μL). While the secreted aSMase activity was present in amoebic supernatants without SLO treatment and a significant increase of the secreted activity (\>8-fold) was observed when amoebae were exposed to the same low concentrations of SLO. In contrast, lytic SLO concentration (6.4 ng/μL) released a substantial ADH activity in comparison with the very low aSMase activity detected for both amoebic strains. It became apparent that the release of ADH was accompanied by cellular disintegration caused by high SLO concentration (6.4 ng/μL). Using the tool of ADH release as a criterion for cellular disintegration, the majority of amoebae appeared to be intact in DMEM medium ([S2 Fig](#ppat.1008016.s002){ref-type="supplementary-material"}). At least in this condition, the majority of aSMase activity has been released by viable amoebae. With regard to aSMases, the increased activity detected in the supernatants were found to depend on the SLO concentration and amoebic viability, indicating that the aSMase is secreted and activated only upon plasma membrane damage response in viable trophozoites with active secretory machinery.

Amoebic viability after toxin exposition is related to the secreted aSMase activity secretion in a Ca^2+^ dependent process {#sec006}
---------------------------------------------------------------------------------------------------------------------------

The Ca^2+^ gradient that infiltrates through cell membrane lesions activates cytoplasmic proteins and induce the exocytosis of lysosomes at the site of the lesion \[[@ppat.1008016.ref045]\]. Lysosomes release their cargo, including the aSMase, followed by massive endocytosis that triggers the process of wound repair \[[@ppat.1008016.ref008],[@ppat.1008016.ref044],[@ppat.1008016.ref046]\]. The secreted aSMase activity and viability of amoebic trophozoites were evaluated in the presence of 1.6 ng/μL of SLO but using a Ca^2+^-free DMEM medium. No increase of secreted aSMase activity was observed in trophozoites of HM1-HA and HM1-SM6HA strains treated with SLO in the absence of extracellular Ca^2+^; in contrast with the increase in enzymatic activity in the presence of extracellular Ca^2+^. The secreted activity of aSMase in the absence of toxin was not affected by the presence or absence of Ca^2+^ in both strains ([Fig 4Aa](#ppat.1008016.g004){ref-type="fig"}). The results show that after inducing damage with SLO in the presence of 1.8 mM of Ca^2+^ for three min, the viability of the control strain is 30%, while that of the *EhaSM6* over-expressing strain is 80%. In contrast, in the absence of Ca^2+^ and damage with SLO, the viability decrease was more evident, since the viability for both strains is less than 11% in comparison to their controls in the absence of damage under the same conditions ([Fig 4Ab](#ppat.1008016.g004){ref-type="fig"}). Therefore, Ca^2+^ is a necessary cation for exocytosis of lysosomes and the secretion of aSMase activity, which correlates with the preservation of amoebic viability as it has been demonstrated in other cell types that trigger the repair of damage to the PM \[[@ppat.1008016.ref047]\].

![Secreted aSMase and viability of *E*. *histolytica* trophozoites treated with SLO are a Ca^2+^ and enzyme activity dependent processes.\
**A**. Calcium dependence. a. Secreted aSMase activity after three min of exposition to SLO (1.6 ng/μL) in complete DMEM medium and Ca^2+^-free DMEM in HM1-HA and HM1-SM6HA strains. b. The viability of trophozoites treated with SLO (1.6 ng/μL) for three min with or without Ca^+2^. **B**. Inhibition of aSMase activity. c. Secreted aSMase activity after three min of exposition to SLO (1.6 ng/μL) in complete DMEM medium and 0.5 mM of Co^2+^ in HM1-HA and HM1-SM6HA strains. d. The viability of trophozoites treated with SLO (1.6 ng/μL) for three min or without Co^2+^. The percentage (%) indicates the viability of the trophozoites by the exclusion of trypan blue. Different letters over the bars represent statistically significant differences at P ≤ 0.05 (Tukey--Kramer test).](ppat.1008016.g004){#ppat.1008016.g004}

As it has been shown above ([Fig 2](#ppat.1008016.g002){ref-type="fig"}), the aSMase activity from *E*. *histolytica* was strongly inhibited by Co^2+^. We perform an assay of plasma membrane repair after SLO exposition in the presence of Co^2+^ 0.5 mM. The [Fig 4Bc](#ppat.1008016.g004){ref-type="fig"} shows that after the exposition to the SLO, the secreted aSMase activity was inhibited by Co^2+^, which also inhibited the membrane repair capacity of the amoebae and consequently decreased their viability ([Fig 4Bd](#ppat.1008016.g004){ref-type="fig"}). This strongly suggests that aSMase6 is one of the enzymes that initiate the repair mechanism of damage to the PM of the amoeba.

Effect of the β-Defensin 2 and human complement on the secretion of aSMase activity and viability of *E*. *histolytica* {#sec007}
-----------------------------------------------------------------------------------------------------------------------

To evaluate if the aSMase6 is involved in the repair of membrane damage generated by another membrane damaging agent, we used the antimicrobial peptide β-Defensin 2. During an intestinal human infection, several antimicrobial molecules are produced, where β-defensins are the most common \[[@ppat.1008016.ref048]\]. Defensins are cysteine-rich cationic peptides of low molecular weight, 3 to 5 kDa, that bind to the membranes of microorganisms rich in anionic phospholipids \[[@ppat.1008016.ref049]\] and integrate into the membranes inducing the formation of pores \[[@ppat.1008016.ref050]\]. In this study, the HM1-HA and HM1-SM6HA strains were exposed to increasing concentrations of β-Defensin 2.

Concentrations of 20--30 ng/mL of β-Defensin 2 induced the highest secretion levels of aSMase activity reaching 6-fold and 7-fold for the control and overexpressing strains respectively, which is 2-fold higher in the overexpressant than the control strain ([Fig 5Aa](#ppat.1008016.g005){ref-type="fig"}). Higher levels of secreted activity correlate with higher capability of PM repair and consequently greater viability ([Fig 5Ab](#ppat.1008016.g005){ref-type="fig"}). At higher concentrations of β-Defensin 2, the levels of secreted activity decreases, as does the viability of trophozoites, again suggesting that the secretion of aSMases is a process that requires active cellular metabolism.

![Effect of β-Defensin 2 and human complement on the secreted aSMase activity and viability of *E*. *histolytica* trophozoites.\
**A**. Trophozoites treated with β-Defensin 2. a. Secreted aSMase activity after 30 min of exposition to β-Defensin 2 in complete DMEM medium with and Ca^2+^ in HM1-HA and HM1-SM6HA strains. b. Viability of trophozoites after interaction with β-Defensin 2. **B**. Trophozoites in interaction with human complement. c. Secreted aSMase activity after 0, 15 and 30 min of exposition to human complement in complete DMEM medium with and Ca^2+^ in HM1-HA and HM1-SM6HA strains. d. Viability of trophozoites after interaction with human complement. The percentage (%) indicates the viability of the trophozoites by the exclusion of trypan blue. Different letters over the bars represent statistically significant differences at P ≤ 0.05 (Tukey--Kramer test).](ppat.1008016.g005){#ppat.1008016.g005}

The human complement system is an effective defense mechanism in the elimination of pathogens, which culminates in the formation of large pores in the membrane, which alters the osmotic equilibrium of the pathogen \[[@ppat.1008016.ref051],[@ppat.1008016.ref052]\]. The effect of the complement on the secreted aSMase activity and viability of the trophozoites of HM1-HA and HM1-SM6HA strains was evaluated. The results obtained indicate that after incubation with the complement, both strains significantly increase the activity of secreted aSMase, showing a 3-fold increase in the overexpressant with respect to the control strain ([Fig 5Bc](#ppat.1008016.g005){ref-type="fig"}). Furthermore, viability results ([Fig 5Bd](#ppat.1008016.g005){ref-type="fig"}) show that amoebae interacting with complement diminish their viability, but this decrease was more evident for the control strain than for the overexpressing strain, which bears a more efficient repair mechanism. Complement exposition induced the highest levels of secreted aSMase activity in *E*. *histolytica* than all the pore-forming peptides evaluated in this work.

Another plasma membrane disrupting agents were evaluated such as Magainin, an antimicrobial peptide and, Triton X-100, an non-ionic detergent. Magainin is a cathelicidin that interacts with the plasma membrane forming permeable ion channels \[[@ppat.1008016.ref047],[@ppat.1008016.ref048]\]. Trophozoites exposed to increasing concentrations of Magainin exhibit similar results to those obtained with the other pore-forming molecules evaluated in this work, where the higher secreted aSMase activity of the HM1-SM6HA correlated with the higher amoebic viability ([S3A Fig](#ppat.1008016.s003){ref-type="supplementary-material"}). When Triton X-100 was used at concentrations that acts as a permeabilizer \[[@ppat.1008016.ref053]\], a slight increase in the secreted activity of aSMase was observed, but at higher concentrations, it produces lysis of the amoebae and very low levels of activity was detected ([S5B Fig](#ppat.1008016.s005){ref-type="supplementary-material"}).

Effect of hydrogen peroxide on aSMase activity and viability of trophozoites of *E*. *histolytica* {#sec008}
--------------------------------------------------------------------------------------------------

It has been reported that the generation of ceramide, mainly a product of the hydrolysis of sphingomyelin by SMases, is associated with different stimuli such as oxidative stress generated by H~2~O~2~, generating cellular responses such as apoptosis and cell proliferation \[[@ppat.1008016.ref054]\]. To determine the possible role of aSMases in response to damage by oxidative stress in *E*. *histolytica*, the effect on the secreted activity of aSMases and cell viability in the HM1-HA and HM1-SM6HA strains was determined. Trophozoites of HM1-SM6HA strain showed a significant increase in the secreted activity of the aSMase in all peroxide concentrations evaluated with respect to that observed in the HM1-HA control strain ([Fig 6A](#ppat.1008016.g006){ref-type="fig"}); these increase in the activity of aSMase is related to a maintenance of the viability ([Fig 6B](#ppat.1008016.g006){ref-type="fig"}) in each of the peroxide concentrations evaluated in the HM1-SM6HA strain. However, the level of secreted aSMase activity is lower than those obtained with pore-forming molecules.

![Effect of hydrogen peroxide on the secreted aSMase activity.\
**A**. Secreted aSMase activity by trophozoites exposed to different concentrations of H~2~O~2~ (0.2--1 mM) in DMEM medium for 10 min. **B**. Viability of trophozoites treated with different concentrations of H~2~O~2~. The percentage (%) indicates the viability of the trophozoites by excluding trypan blue. Different letters over the bars represent statistically significant differences at P ≤ 0.05 (Tukey--Kramer test).](ppat.1008016.g006){#ppat.1008016.g006}

Damaged trophozoites present exocytosis of lysosomes and increased endocytosis {#sec009}
------------------------------------------------------------------------------

The above evidence strongly indicates that the aSMase6 of *E*. *histolytica* is involved in membrane repair. To evaluate the events related to PM damage repair induced by SLO in HM1-HA and HM1-SM6HA strains, trophozoites labeled with Lysotracker from both strains were incubated at 37 °C with FITC labeled-Dextran and 1.6 ng/μL of SLO for short times. The HM1-HA control and HM1-SM6HA overexpression strains without exposing to SLO show the presence of lysosomes (red) and few endosomes (green) in the cytoplasm of the amoebic trophozoites ([Fig 7A and 7B](#ppat.1008016.g007){ref-type="fig"}). HM1-HA trophozoites treated with SLO (1.6 ng/μL) change their classic amoebic shape to a rounded shape after 1 min of incubation, and the migration of lysosomes to the PM is observed, some of them seems fused to PM forming elongated structures (patch-like), this resembles the structures formed in some damaged eukaryotic cells. In addition, the number of endosomes increases and some of them are also located in the plasma membrane, where few of them co-localize with lysosomes (yellow) forming structures with a patch-like shape.

![Plasma membrane damage induces lysosome exocytosis followed by endocytosis in *E*. *histolytica* trophozoites exposed to SLO.\
Trophozoites of HM1-HA (A) and HM1-SM6HA (B) strains incubated at 37 °C with Lysotracker (2 μM), FITC labeled-Dextran (0.25μg/μL), SLO (1.6 ng/μL) and nuclei were stained with Höechst 33342. Trophozoites without SLO exposition (a) and trophozoites exposed to SLO for one min (b), three min (c), and 10 min (d). Arrowheads show positive compartments with Lysotracker, closed arrows indicate endosomes, yellow arrows indicate the formation of patches and open arrows the endolysosomal compartment.](ppat.1008016.g007){#ppat.1008016.g007}

After three min of SLO exposure, the patches on the plasma membrane disappear and the number of endosomes increases in the subcortical region of the PM. After 10 min of SLO exposure, the polarization of the endosomes is lost, and vesicles exhibiting the label for both lysosomes and phagosomes are observed, suggesting the formation of endolysosomes (yellow) ([Fig 7A](#ppat.1008016.g007){ref-type="fig"}). The mobilization of vesicles resembles the mechanism of membrane damage repair in HeLa cells, fibroblasts and lymphoblasts, after exposure to SLO, where the lysosomes fuse to the membrane and release the aSMase which promotes the injury site endocytosis \[[@ppat.1008016.ref008],[@ppat.1008016.ref044],[@ppat.1008016.ref046],[@ppat.1008016.ref047]\].

Transfectant trophozoites that overexpress aSMase6 (HM1-SM6HA strain) exposed to SLO under the same conditions described above, after one min of exposition, trophozoites showed a greater number of patches showing colocalization of the lysosome and endosome markers. After three min of SLO treatment, the patches are no longer present, and the endosomes are observed in the inner side of the plasma membrane without co-localization with lysosomes. After 10 min, a large number of endosomes fused with lysosomes (endolysosomes) were observed. We theorize that the formation of these structures is a consequence of efficient endocytosis of the lesions in the PM ([Fig 7B](#ppat.1008016.g007){ref-type="fig"}) in the HM1-SM6HA strain.

Endosomes per cell were quantified, showing an average of 2.8, 8.2, 5.2 and 29.8 endosomes per amoeba in strains HM1-HA, HM1-HA with SLO, HM1-SM6HA and HM1-SM6HA with SLO, respectively. Likewise, the amoebae of each of the strains from identical conditions as above were lysed and the FITC fluorescence emitted by the endosomes was quantified ([S5 Table](#ppat.1008016.s012){ref-type="supplementary-material"}), which corroborates the data above. These results suggest that the aSMase6 overexpression induce an efficient repair mechanism evidenced by a significant increase in the viability of the trophozoites ([Fig 5B](#ppat.1008016.g005){ref-type="fig"}), reinforcing the role of aSMase6 in PM repair.

With the above observations that revealed an intense mobilization of vesicles towards the plasma membrane, we sought the ultrastructural analysis of the trophozoites exposed to SLO by transmission electron microscopy (TEM). Trophozoites of HM1-HA and HM1-SM6HA strains, adhered to a plate, were treated with 1.6 ng/μL of SLO for one and three min, as described above. The trophozoites without SLO exposition, show a typical amoeboid morphology and cell structures, including several vesicles with little content inside (v) and glycogen (g) ([Fig 8Aa and 8Ba](#ppat.1008016.g008){ref-type="fig"}). After one min of toxin exposure, the trophozoites of HM1-HA strain showed a polarization of vesicles towards the PM ([Fig 8Ab](#ppat.1008016.g008){ref-type="fig"}), and after three min the vesicles presented residues of the PM ([Fig 8Ac](#ppat.1008016.g008){ref-type="fig"}). Transfectant trophozoites that overexpress aSMase6 exposed for one min to SLO showed a stronger polarization of vesicles towards the site of membrane damage, displacing glycogen to the opposite end of the cell ([Fig 8Bb](#ppat.1008016.g008){ref-type="fig"}). After three min, an increase of vesicles containing membrane residues was observed ([Fig 8Bc](#ppat.1008016.g008){ref-type="fig"}).

![Transmission electron microscopy of *E*. *histolytica* trophozoites exposed to SLO.\
Trophozoites of HM1-HA (**A**) and HM1-SM6HA (**B**) strains. a, trophozoites without toxin; b, trophozoites exposed to SLO (1.6 ng/μL) for one min; c, trophozoites after three min of exposure to SLO. Vesicles (v) and glycogen (g).](ppat.1008016.g008){#ppat.1008016.g008}

The vesicles involved in membrane damage repair are mainly located polarized to one side of the PM because the SLO exposure was performed on adhered trophozoites, however when cells in suspension were used, the migration of vesicles was homogenously distributed around the PM and the glycogen was located on the center of the trophozoite ([S4 Fig](#ppat.1008016.s004){ref-type="supplementary-material"}). In summary, fluorescence and transmission electron microscopy results strongly suggest that trophozoites of *E*. *histolytica* present a PM damage repair mechanism that renders viable trophozoites after PM damage.

Endocytosis is induced by the recombinant protein aSMase6 and inhibited by Co^2+^ in trophozoites of *E*. *histolytica* {#sec010}
-----------------------------------------------------------------------------------------------------------------------

The results of confocal microscopy revealed that amoebae treated with toxin had an active process of endocytosis. To demonstrate that the secreted aSMase6 of *E*. *histolytica* participates in the repair mechanism by inducing the formation of endosomes, the amoebae of the HM1-HA strain were incubated with the protein rEHaSM6 and FITC -Dextran for 1 minute at neutral and acid pH. The results show that the trophozoites without the addition of the recombinant protein both at neutral pH ([Fig 9Aa](#ppat.1008016.g009){ref-type="fig"}) and acid ([Fig 9Ba](#ppat.1008016.g009){ref-type="fig"}), present an average of 10.2 and 7.5 endosomes per trophozoite, respectively. When the recombinant protein is added to the trophozoites for one minute at neutral pH in which the enzyme has no activity, the number of endosomes was similar to that of the control in this same condition ([Fig 9Ab](#ppat.1008016.g009){ref-type="fig"}); meanwhile at acid pH an increase of 5-fold in the number of endosomes with respect to the untreated control was observed ([Fig 9Bb](#ppat.1008016.g009){ref-type="fig"}). When Co^2+^ 0.5 mM was added to the HM1-HA strain at acidic pH, there was a decrease of endosome formation with respect to the amoebae without exposition to Co^2+^ ([Fig 9Ca](#ppat.1008016.g009){ref-type="fig"}). In the presence of the recombinant protein and Co^2+^ 0.5 mM, the induction of endosome formation was not observed ([Fig 9Cb](#ppat.1008016.g009){ref-type="fig"}). These results corroborate the participation of the aSMase6 in the formation of endosomes, which, are important structures for the internalization of the lesion in damaged PM.

![Formation of endosomes in *E*. *histolytica* trophozoites treated with the recombinant aSMase6 (rEhaSM6).\
Trophozoites of HM1-HA strain were treated with 20 μg of recombinant protein and FITC-Dextran (0.25 μg/μL) for one minute at pH 7.0 (A), pH 5.0 (B) plus Co^2+^ 0.5 mM (C). a, Trophozoites not treated with the rEhaSM6 protein. b, Exposed trophozoites to rEhaSM6. Nuclei were stained with Höechst 33342.](ppat.1008016.g009){#ppat.1008016.g009}

The release of cysteine proteases as a result of lysosome exocytosis {#sec011}
--------------------------------------------------------------------

Our results suggest that amoebic trophozoites, in response to SLO exposition, fuse the lysosomes to the PM and thus releasing the aSMase along with its content into the extracellular milieu, generating a transient acidic environment necessary for aSMase activity as occurs in mammalian cells \[[@ppat.1008016.ref044]--[@ppat.1008016.ref046]\]. Cysteine proteases (CP) are present inside the lysosomes and thus should be released along with the cargo when lysosomes fuse with the PM during damage \[[@ppat.1008016.ref055],[@ppat.1008016.ref056]\]. The CP activity secreted by HM1-HA and HM1-SM6HA strains was determined in the absence and presence of SLO. The HM1-HA and HM1-SM6HA strains exhibited similar levels of CP activity in the absence of damage, however, when the damage with the toxin is induced, this activity increases by 53% and 130%, respectively ([S5 Fig](#ppat.1008016.s005){ref-type="supplementary-material"}), supporting the observation that the lysosomes indeed fuse with the PM releasing their cargo.

N- and C- terminal processing of aSMase6 protein {#sec012}
------------------------------------------------

*EhaSM6* gene code for a protein of 48.8 kDa with a predicted signal peptide indicating that the protein is secreted as reported for mammalian aSMases \[[@ppat.1008016.ref057],[@ppat.1008016.ref058]\]. The cysteines located at the C-terminal suggests that the aSMase6 could be processed, as occur for the mammalian aSMase where one of the cysteines of this region is susceptible to proteolytic processing \[[@ppat.1008016.ref036],[@ppat.1008016.ref059]\]. The HM1-SM6HA strain was used to detect the aSMase6 protein by Western blot using anti-HA antibodies. Despite the high levels of transcript in the over-expressing strain, two weak bands were revealed, suggesting that most of the protein was processed in its C-terminal end. Proteins of 53.5 and 50.9 kDa were detected in total homogenate, which corresponds to the predicted molecular weight of the unprocessed protein at the C-terminal region without and with N-terminal processing, respectively ([Fig 10A](#ppat.1008016.g010){ref-type="fig"}, lane 2). A protein of 53.5 kDa was detected in the supernatant, which could correspond to the secreted aSMase6 unprocessed in the C-terminal or with post-translational modifications ([Fig 10A](#ppat.1008016.g010){ref-type="fig"}, lane 3). The small differences found in the molecular weight of the proteins in contrast to the predicted requires further investigation of post-translational modifications of this enzyme.

![Immunodetection of aSMase6 in cellular fractions of transfectant trophozoites of *E*. *histolytica*.\
Trophozoites of HM1-SM6HA (**A**) and HM1-SM6HA-RFP (**B**) strains. Cell homogenates and concentrated supernatants were subjected to SDS-PAGE, transferred to nitrocellulose and immunodetected with monoclonal antibody anti-HA tag. Cell homogenate of the control strain (HM1-HA) (lane 1), cell homogenate of the corresponding strain (lane 2), and free-cell supernatant from the corresponding strain (lane 3).](ppat.1008016.g010){#ppat.1008016.g010}

To evaluate the C-terminal processing of the amoebic aSMase6, the HM1-SM6HA-RFP strain that produces the HA-tagged enzyme fused to a Red Fluorescent Protein (RFP) \[[@ppat.1008016.ref060]\] in the C-terminal region was used. The activity of the enzyme was not disturbed by the addition of this tag since the supernatant activity is comparable to the HA fused protein described above ([S6 Fig](#ppat.1008016.s006){ref-type="supplementary-material"}). Two proteins of 72 and 23.5 kDa were immunodetected with anti-HA antibodies in the total homogenate and one associated with the secreted protein with a molecular weight of 72 kDa ([Fig 10B](#ppat.1008016.g010){ref-type="fig"}). In the HM1-SM6HA-RFP strain, the 72 kDa protein corresponds to the unprocessed protein, while the 23.5 kDa protein corresponds to the HA-RFP tag released from the C-terminal region of the aSM6HA-RFP protein ([Fig 10B](#ppat.1008016.g010){ref-type="fig"}). These results indicate that there is a processing of the C-terminal end of the aSMase6. Analysis of the supernatant in the HM1-SM6HA-RFP strain revealed that only one protein of 72 kDa is detected corresponding to unprocessed aSM6HA-RFP protein, in contrast with the HM1-SM6HA strain where two bands were detected. If the N- and C-terminal unprocessed protein is present in the HM1-SM6HA-RFP strain, it is not distinguishable from the processed because the difference between these proteins is only of two kDa. The processed aSMase6 (N and C-terminal region) that would have a molecular weight of 47 kDa, in theory, should be more abundant than the remaining unprocessed protein that we observed in both strains. With the overall results, we demonstrate that the processing of aSM6 occurs at the N-terminal region to remove the signal peptide and the C-terminal region as described for the mammalian enzyme.

Expression of the aSMase gene family of *E*. *histolytica* in response to damage to the plasma membrane {#sec013}
-------------------------------------------------------------------------------------------------------

With the compiling results shown in this work, we suggest that the aSMase6 of *E*. *histolytica*, responds to the damage to the plasma membrane aiding to maintain cell viability. However, the amoeba has five additional aSMase genes ([Fig 1](#ppat.1008016.g001){ref-type="fig"}), which until now their function remains unknown. The transcription levels of the *EhaSM1*, *EhaSM2*, *EhaSM3*, *EhaSM4* and *EhaSM5* genes besides the *EhaSM6*, were evaluated by qRT-PCR in the control (HM1-HA) and overexpressing (HM1-SM6HA) strains, before and after damage with SLO. [Table 1](#ppat.1008016.t001){ref-type="table"} shows that the overexpressing strain has a 7.2-fold increase in the expression of the *EhaSM6* gene with respect to the parental strain, while the other 5 genes did not show a significant change in their expression. In response to PM damage with the SLO toxin, both strains showed an increase of the *EhaSM6* gene of 4.1 and 9.4-fold in the control and overexpressing strains, respectively. In response to SLO, there was an overexpression of 4, 3 and 2.5-fold of *EhaSM1*, *EhaSM2*, and *EhaSM5*, respectively. This suggests that, in addition to the aSMase6, the aSMase1, aSMase2, and aSMase5 could also be involved in the repair of membrane damage. In contrast, the genes that code for the aSMase3 and aSMase4 proteins did not show changes in their expression, suggesting they are not participating in the PM repair process or they exhibit a different regulation because of the absence of calcineurin region.

When evaluating the expression of the aSMase genes in *E*. *histolytica* trophozoites exposed to β-Defensin 2 30 ng/ml ([S4 Table](#ppat.1008016.s011){ref-type="supplementary-material"}) or hydrogen peroxide 0.5 mM ([Table 2](#ppat.1008016.t002){ref-type="table"}), we found similar results with β-Defensin 2 to those obtained with amoebae exposed to SLO ([Table 1](#ppat.1008016.t001){ref-type="table"}) where the genes encode for aSMase3 and aSMase4 did not present changes in their expression. However, with amoebae exposed to hydrogen peroxide, all six aSMase genes showed a significative increase in the HM1-HA and HM1-SM6HA strains ([Table 2](#ppat.1008016.t002){ref-type="table"}), where the *EhaSM6* gene again presented the highest expression, even greater than that obtained with SLO and β-Defensin 2. Overall, these results suggest that aSMases 1,2,5,6 could be involved in the repair of plasma membrane damage caused by pore-forming molecules such as SLO and β-Defensin 2, while more widespread membrane damage, such as those caused by hydrogen peroxide, all aSMases could be involved.

10.1371/journal.ppat.1008016.t002

###### Quantitative expression levels of EhaSM genes of *E*. *histolytica* in response to hydrogen peroxide exposition.

![](ppat.1008016.t002){#ppat.1008016.t002g}

  Strain         HM1-HA   HM1-HA + Hydrogen Peroxide [\*](#t002fn002){ref-type="table-fn"}   HM1-SM6HA     HM1-SM6HA + Hydrogen Peroxide[\*](#t002fn002){ref-type="table-fn"}
  -------------- -------- ------------------------------------------------------------------ ------------- --------------------------------------------------------------------
  ***EhaSM1***   1.0      3.24 ± 0.07                                                        1.06 ± 0.17   3.73 ± 0.08
  ***EhaSM2***   1.0      5.04 ± 0.14                                                        1.39 ± 0.08   5.02 ± 0.03
  ***EhaSM3***   1.0      3.14 ± 0.27                                                        1.23 ± 0.15   3.27 ± 0.04
  ***EhaSM4***   1.0      6.48 ± 0.51                                                        1.15 ± 0.09   6.51 ± 0.03
  ***EhaSM5***   1.0      6.09 ± 0.08                                                        1.15 ± 0.09   6.08 ± 0.49
  ***EhaSM6***   1.0      9.22 ± 0.01                                                        7.53 ± 0.21   18.86 ± 0.16

Data were normalized using the ΔΔCT method against the housekeeping gene *Ehgapdh*. The control HM1-HA strain expression ratio is set to 1.0 and that the values represent the fold of over-expression.

\* Trophozoites treated with 0.5 mM of Hydrogen peroxide for 10 min at 37°C.

Discussion {#sec014}
==========

*Entamoeba histolytica* is able to invade human tissues by means of several molecules and biological properties related to virulence. Pathogenic amoebae use three major virulence factors, Gal/GalNAc lectin, amoebapore and proteases, to lyse, phagocytose, kill and destroy a variety of cells and tissues in the host \[[@ppat.1008016.ref061]--[@ppat.1008016.ref064]\], while its counterpart is the defensive response of the host that is characterized by humoral and cellular immune reactions \[[@ppat.1008016.ref052],[@ppat.1008016.ref065],[@ppat.1008016.ref066]\]. The host-parasite relationship is based on a series of interplays between host defense mechanisms and parasite survival strategies.

In the present work, we characterized the aSMase activity and its role in PM repair. The genome of *E*. *histolytica* has six genes annotated as aSMases, which are actively transcribed and the *Ehasm6* gene has the most abundant transcript production rate. Amoebic aSMase sequences present low homology with other previously reported aSMases, such as the aSMases of *C*. *elegans* that shows 30% of homology with human and murine aSMases \[[@ppat.1008016.ref039]\]. The predicted amino acid sequences of amoebic aSMases show a low homology with the eukaryotic aSMases reported, however, it presents the essential amino acid residues for the catalysis described for this type of enzymes \[[@ppat.1008016.ref035]\]. There are no reports on aSMases sequences in other protozoa.

The amoebic aSMases have a signal peptide in the N-terminal region required for secretion, similar to other aSMases associated to lysosomes such as the human aSMase where a mutant lacking the signal peptide has no enzymatic activity and is not secreted \[[@ppat.1008016.ref042],[@ppat.1008016.ref067]\]. The presence of cysteines in the C-terminal region suggests posttranslational processing related to the enzyme activation as reported in other aSMases \[[@ppat.1008016.ref036],[@ppat.1008016.ref037]\]. Likewise, the amoebic aSMases have predicted residues for the coordination with cations, which orientates both the enzyme and the substrate in a suitable manner for the reaction as reported for *H*. *sapiens* \[[@ppat.1008016.ref068],[@ppat.1008016.ref069]\], *C*. *elegans* \[[@ppat.1008016.ref039]\] and *M*. *tuberculosis* \[[@ppat.1008016.ref070]\] aSMases.

In this work, we focused on the *EhaSM6* gene, which exhibited the highest expression in *E*. *histolytica* trophozoites under basal conditions of growth. This gene codes for a functional protein as demonstrated in the protein expressed in *E*. *coli*, showing activity against sphingomyelin, being stimulated by Mg^2+^, inhibited by Co^2+^, and exhibited no effect by Zn^2+^. This is in contrast with other eukaryotic aSMases that require Zn^2+^ for activity \[[@ppat.1008016.ref041],[@ppat.1008016.ref068]\]. The amoebic nSMases were stimulated by Mn^2+^ and partially inhibited by Zn^2+^ \[[@ppat.1008016.ref071]\], while its counterpart in eukaryotes and prokaryotes responds to Mg^2+^ \[[@ppat.1008016.ref072],[@ppat.1008016.ref073]\]. The aSMase activity was spontaneously secreted by *E*. *histolytica* trophozoites under standard culture conditions and exhibited the same effect of bivalent cation observed with the recombinant aSMase6. The aSMase activity released into the supernatant of trophozoites may be the contribution of the aSMases encoded by the six genes of *E*. *histolytica*. The transfected cell line of *E*. *histolytica* overexpressing the *EhaSM6*-HA gene exhibited a 2-fold increase of secreted aSMase activity suggesting that it is mainly due to the overexpression of the *EhaSM6* gene.

Reports of aSMases from mammalian cells indicate that they are lysosomal enzymes involved in the hydrolysis of sphingomyelin to produce ceramide, an important second messenger lipid associated with several cellular responses to stress, cell growth, differentiation, and apoptosis in eukaryotes \[[@ppat.1008016.ref054]\]. In mammalian cells, the S-SMase is secreted spontaneously and its deficiency has been implicated in pathologies such as atherosclerosis \[[@ppat.1008016.ref074],[@ppat.1008016.ref075]\], while the lysosomal aSMase has been detected after induction of stress and involvement in the repair of damage to the PM \[[@ppat.1008016.ref044],[@ppat.1008016.ref076]\]. Therefore, it is of our interest to investigate if the *E*. *histolytica* trophozoites have a mechanism of plasma membrane repair mediated by aSMases which would allow it to survive the attack of lytic components of the host defense systems.

*E*. *histolytica* trophozoites of HM1-HA strain treated with the SLO showed an increase in the secreted aSMase activity, which in turn is 10-fold higher in the aSMase6 over-expressing strain, being these amoebae more resistant to the damage caused by the toxin than the control strain, showing a direct relationship between the level of aSMase secreted and amoebae viability. The aSMase6 over-expressing trophozoites exposed to another pore-forming molecules such as Magainin, β-Defensin 2 and human complement exhibited an significant increase in the secreted aSMase activity which correlated with higher amoebic viability in a Ca^+2^ dependent process. SLO molecules bind to cholesterol-containing target membranes to assemble, form rings that penetrate into the apolar domain of the lipid bilayer, resulting in the formation of pores of up to 30 nm in diameter. Membrane damage by SLO is basically analogous to channel formers, namely, the C5b-9 complement complex and some human antimicrobial peptides such as β-Defensin 2 \[[@ppat.1008016.ref077]\]. Previous reports have shown in mammalian cells that after the damage to the PM by SLO, there is an intracellular flow of Ca^2+^ through the lesion that triggers the repair mechanism \[[@ppat.1008016.ref008],[@ppat.1008016.ref044],[@ppat.1008016.ref078]\]. In *E*. *histolytica* trophozoites, extracellular Ca^2+^ seems to be an indispensable requirement for the secretion of aSMase activity in response to pore forming molecules exposition and for maintenance of viability, since in the absence of Ca^2+^, the activity of the secreted enzyme is null, and the viability is brought down completely. These results suggest that the aSMase6 of *E*. *histolytica* is secreted extracellularly during the induction of damage to the plasma membrane by SLO in a process Ca^2+^ dependent, and it is involved in the maintenance of amoebic viability. This process is related to the PM integrity restoration as shown for mammalian cells \[[@ppat.1008016.ref044],[@ppat.1008016.ref047],[@ppat.1008016.ref079]\], but thus far, it has not been reported for *E*. *histolytica* trophozoites.

In mammalian cells, it has been described that after the increase of intracellular Ca^2+^, multiple calcium sensors such as synaptotagmin (Syt) VII, dysferlin and SNARE that promote lysosomal exocytosis towards the site of the lesion become involved in the PM repair \[[@ppat.1008016.ref080]--[@ppat.1008016.ref082]\]. The genome of *E*.*histolytica* encodes a large number of calcium-binding proteins, many of these proteins are unique to the amoebae, indicating that it has extensive Ca^+2^ signaling pathways \[[@ppat.1008016.ref083]\], but only a few events mediated by this cation have been described. Even less known is the process of repair of damage to the membrane of *E*. *histolytica*. The SNARE complex and calcium-binding proteins, such as EhCaBP1 \[[@ppat.1008016.ref084]\], could be involved in the exocytosis of lysosomes and the formation of endosomes in response to the increase in intracellular calcium concentration. There is evidence that some components of the SNARE complex can function in the trafficking of vesicles to the PM \[[@ppat.1008016.ref085]\], as well as the EhRab7 and EhRab11 proteins that are involved in the biogenesis, acidification and trafficking of lysosomes, as well as in the trafficking of late endosomes and phagosomes \[[@ppat.1008016.ref086]--[@ppat.1008016.ref088]\]. It is likely that *E*. *histolytica* Rab proteins facilitate and regulate the kinetics of anchoring and pairing of the SNARE complex and promote exocytosis of lysosomes to the site of PM damage, similar to the already reported mechanism in mammalian cells \[[@ppat.1008016.ref089],[@ppat.1008016.ref090]\], however, this still remains to be determined in *E*. *histolytica*.

Hydrogen peroxide, an important mediator of acute lipid oxidative injury, alters the fluidity and generates a leaky plasma membrane-associated with lipid peroxidation \[[@ppat.1008016.ref091]\], also induced an increase of secreted aSMase in *E*. *histolytica*, but to a lesser extent. Hydrogen peroxide, a primary form of ROS in mammalian cells has been proposed as second mesangers in mammalian cells to mediate cellular responses, activating the aSMase translocation and activation \[[@ppat.1008016.ref092]\]. The mechanism by which hydrogen peroxide induces aSMase secretion in *E*. *histolytica* remains to be investigated.

The C-terminal processing of human aSMases has been reported, which may exist associated with lysosomes or released extracellularly \[[@ppat.1008016.ref093]\], which arise from the post-translational modifications during its vesicular trafficking and maturation \[[@ppat.1008016.ref037],[@ppat.1008016.ref041],[@ppat.1008016.ref094]\]. To address the C-terminal processing and to explain the weak signal with anti-HA antibodies, the HA labeled aSMase6 was fused to the optimized Red Fluorescent Protein (RFP) for *E*. *histolytica* expression \[[@ppat.1008016.ref060]\], and immunodetected with anti-HA antibodies. A protein corresponding to HA-RFP was detected corroborating the C-terminal processing. The C-terminal processing found in mammalian cells during the maturation of the enzyme not only modifies its molecular weight but also implying that this processing involves the elimination of the Cys 629 of the enzyme which increases its activity \[[@ppat.1008016.ref036],[@ppat.1008016.ref059]\]. It is still necessary to deepen into the processing and activation of the aSMases of *E*. *histolytica*.

Confocal microscopy analysis of trophozoites exposed to SLO at early times showed that there is a migration of lysosomes to the PM and the formation of endosome structures in a \"patch-like\" arrangement which are transient structures that prevent the exit of the cytoplasmic components. Although these structures have been observed in mammalian cells after the induction of PM damage, they have not been well characterized. It has been suggested that they arise from the rapid and massive formation of endocytic vesicles, which accumulate near the site of the lesion \[[@ppat.1008016.ref080],[@ppat.1008016.ref095]--[@ppat.1008016.ref097]\]. The secretion of the aSMase by exocytosis of lysosomes is accompanied by the release of its content to the extracellular medium, determined by an increase in the activity of secreted CPs and generating an acidification of the extracellular medium on the periphery of the trophozoites ([S7 Fig](#ppat.1008016.s007){ref-type="supplementary-material"}) after the SLO treatment allowing the aSMase activity on the sphingolipid substrate on the PM. The lysosomes are secretory vesicles that can release their content which may include lysosomal proteases \[[@ppat.1008016.ref046]\] and transient acidification can be generated extracellularly at sites of lysosomal exocytosis \[[@ppat.1008016.ref098],[@ppat.1008016.ref099]\]. Also, the role of released proteases from the lysosomes and their involvement in the resealing process of the plasma membrane needs to be elucidated, as described for mammalian cells \[[@ppat.1008016.ref046]\]. The lysosome biogenesis that controls transport, maturation, and secretion of CPs and probably aSMases that could have an important role in the pathogenesis as well as housekeeping functions unrelated to parasitism and virulence in *E*. *histolytica* \[[@ppat.1008016.ref100]\].

The increase in endosome formation after treatment with SLO is higher in aSMase6-HA overexpressing trophozoites compared with the control strain and trophozoites without treatment. This process has been observed after a few minutes of SLO exposure in NRK, HeLa or Jurkat cell-lines \[[@ppat.1008016.ref044],[@ppat.1008016.ref101]\]. After massive endosomes formation, they fuse to lysosomes because they share fluorescence signal between lysosomes and endosomes following the vesicular traffic route, which has been described to be fully functional in amoebas, even though it lacks morphologically defined organelles such as the endoplasmic reticulum, Golgi apparatus, instead the amoebae have a high content of vesicles, many of which are associated with the functions of these organelles \[[@ppat.1008016.ref102],[@ppat.1008016.ref103]\]. Exocytosis of aSMase by wounded cells promotes endocytosis and plasma membrane repair by the generation of the secondary messenger ceramide \[[@ppat.1008016.ref044]\].

Sphingomyelin enriched lipid domains or ''rafts" may serve as substrate pools for SMase-induced formation of ceramide microdomains that act as platforms from which these signal transduction cascades originate \[[@ppat.1008016.ref104]\]. By analogy, aSMases could be involved in the production of ceramide associated with the stress responses in *E*. *histolytica* during the invasive process of the host \[[@ppat.1008016.ref105],[@ppat.1008016.ref106]\], suggesting that conversion of plasma membrane sphingomyelin to ceramide by this lysosomal enzyme promotes lesion internalization.

TEM analysis shows the polarization of vesicles after exposure to SLO toxin, suggesting the participation of these vesicles in maintaining the integrity of the membrane at early damage-associated events. As the damage progresses, it is possible to observe an increase in polarized endosomes which internalize fragments of the damaged membrane, and the amoebae that repaired successfully the damage remain viable. In summary, the results presented here, suggest three main events after the amoebic membrane injury: first, the internalization of calcium through the lesion is important in the repair process that activates the lysosome exocytosis and aSMase release to initiate the repair process mechanism; second, the generation of patches formed from the fusion of lysosomes and endosomes at the damaged site, which momentarily prevent cell lysis, and third, the endocytosis-dependent generation of ceramide by the aSMase activity. The data presented here are consistent with the repair mechanism mediated by aSMase in mammalian cells \[[@ppat.1008016.ref044],[@ppat.1008016.ref107]\]. This is the first report showing that *E*. *histolytica* has the machinery to repair PM damage mediated by aSMase6.

Secretion of aSMase has been detected in mammals after exposing the cells to different types of stress, in particular, it has been shown to be activated in response to damage to the PM, such as the caused by bacterial toxins, which generate small (0.5--5 nm) or large (20--100 nm) pores dependent on the concentration \[[@ppat.1008016.ref044],[@ppat.1008016.ref047],[@ppat.1008016.ref108]\]; or viral, bacterial and parasitic pathogens (EBOV, *Neisseria gonorrhoeae*, *Staphylococcus aureus*, *Pseudomonas aeruginosa*, *Trypanosoma cruzi)*, which are associated with regions rich in cholesterol destabilizing the PM, thus generating lesions \[[@ppat.1008016.ref109]--[@ppat.1008016.ref113]\], leading to expect that amoebae could respond to PM damage caused by other molecules besides SLO toxin. During an intestinal human infection, several pore forming molecules are produced, where β-defensins are the most common \[[@ppat.1008016.ref048]\]. The β-defensin 2 and the antimicrobial peptide magainin, isolated from *Xenopus laevis*, which is a cathelicidin, similar to the antimicrobial peptide LL-37, have been reported to have a lytic effect in *E*. *histolytica* trophozoites, interacting directly with the anionic phospholipids of the plasma membrane through the amphiphilic α-helix and forming permeable ion channels, resulting in depolarization, irreversible cytolysis and finally amoebic cell death \[[@ppat.1008016.ref019],[@ppat.1008016.ref114],[@ppat.1008016.ref115]\]. Our results indicate that the overexpressing strain HM1-SM6HA is more resistant to damage with this peptide in comparison with the parental strain, which also correlated with higher secreted aSMase activity.

Interestingly, after SLO or β-Defensin 2 exposure there is an increase of gene expression of *EhaSM1*, *EhaSM2*, *EhaSM5* y *EhaSM6*, suggesting the potential participation of other members of aSMase gene family besides aSMase6 in the PM damage repair mechanism proposed in this work. Also, there is no change in gene expression for *EhaSM3* and *EhaSM4* genes after SLO treatment. The four *EhaSM* genes that respond to membrane damage, each one possesses a single calcineurin domain, while the two genes that do not respond to damage lack these domains. Calcineurin is a protein phosphatase regulated by Ca^2+^/calmodulin conserved in eukaryotes, and has been associated with stress response in yeast; this is activated when there is an increase in the concentration of cytosolic Ca^2+^ in response to internal or external signals, causing the activation of the Ca^2+^-calmodulin-binding domain and then subsequently binds to calcineurin, thus dephosphorylating the target proteins that modulate various biological processes that allow cell survival \[[@ppat.1008016.ref116]--[@ppat.1008016.ref118]\]. *E*. *histolytica* has genes that encode for calcineurin, but to date, there are no reports describing the processes in which they participate. Unlike what happens with pore-forming molecules, exposure to hydrogen peroxide increased the expression of the six genes that encode for aSMases in *E*. *histolytica*. In all the conditions evaluated, the *EhaSM6* gene exhibited the highest levels of induction. The above suggests that the expression of aSMasas in *E*. *histolytica* could be selective to different types of cellular stress.

The defensive response of the host is characterized by humoral and cellular immune reactions. The presence of amoebic trophozoites causes the infiltration of neutrophils, lymphocytes, and macrophage, and serum factors are amoebicidal through the activation of the alternative complement pathway \[[@ppat.1008016.ref119]\]. While host cells elaborate diverse mechanisms for pathogen expulsion, amoebae have also developed complex strategies to modulate host immune response and facilitate their own survival \[[@ppat.1008016.ref052],[@ppat.1008016.ref120]\]. In addition to virulence factors, there are other amoebic molecules, termed virulence determinants, that participate in the pathogenicity process by promoting the survival of parasites while confronting host defenses, allowing the parasites to harm the host \[[@ppat.1008016.ref033]\]. It is not surprising that *E*. *histolytica* possess a mechanism of damage repair to the plasma membrane mediate by aSMase for maintaining trophozoites viability and to confront with various lytic agents such as antimicrobial peptides, bacterial toxins, and the complement system. Recently we reported that the nSMase3 of *E*. *histolytica* participate in hemolytic and cytotoxic activities, while, the nSMase1 and nSMase2 are involved in the cytopathic activity \[[@ppat.1008016.ref121]\]. There are still new factors that remain to be elucidated and characterized to fully comprehend the virulence mechanism in this parasite. Further characterization of aSMases in *E*. *histolytica* is necessary to uncover their role in virulence as well as in cell signaling. The study of the relationship between aSMases and virulence is currently in process.

Taking together all the results presented in this work, the damage of the trophozoites of *E*. *histolytica* with a sub-lethal concentration of SLO, induce the entry of Ca^2+^, which favors the migration of the lysosomes to the periphery of the cell, fuses with the plasma membrane and pour their content of aSMases to the outside of the cell. The secreted aSMases produce ceramide favoring the internalization of the lesion for its degradation in phagolysosomes. The pores generated by the PM damage are rapidly blocked by patch-like structures of lysosomes and endosomes that prevent the lysis of the trophozoite and immediately begin the internalizing the lesion. The aSMase6 overexpression favors the repair of the lesion and the survival of the trophozoites of *E*. *histolytica*. The plasma membrane damage repair mediated by aSMase in *E*. *histolytica* is summarized in [Fig 11](#ppat.1008016.g011){ref-type="fig"}.

![Model for plasma membrane repair mediated by secreted lysosomal aSMase6 in *E*. *histolytica*.\
The pore caused by SLO to the PM of *E*. *histolytica* allows the entry of extracellular Ca^2+^ into the cytoplasm. The elevation in the intracellular concentration of Ca^2+^ triggers the exocytosis of the lysosomes which discharge their content into the extracellular space, including the aSMase6. The aSMase6 hydrolyzes sphingomyelin membrane in ceramide, the latter favors the formation of endosomes that internalize the lesions.](ppat.1008016.g011){#ppat.1008016.g011}

Materials and methods {#sec015}
=====================

Amoebae cell culture {#sec016}
--------------------

Trophozoites of *E*. *histolytica* HM-1:IMSS and transfected trophozoites of the same strain were cultured under axenic conditions in Diamond's TYI-S-33 medium supplemented with 10% adult bovine serum (Microlab Laboratories, Mexico) at 36 °C \[[@ppat.1008016.ref122]\]. The transfectant strains were grown in the presence of G418 (Sigma-Aldrich, St. Louis, MO, USA), as a selective agent.

Production of recombinant aSMase6 and activity determination {#sec017}
------------------------------------------------------------

The encoding sequence of the amoebic aSMase6 (EHI_125660) was obtained by PCR from *E*. *histolytica* HM-1:IMSS cDNA using sense and antisense oligonucleotides containing the appropriate restriction sites ([S1 Table](#ppat.1008016.s008){ref-type="supplementary-material"}). PCR product was cloned into pGEM-T (Promega) and subcloned into pRSET (Invitrogen). The resulting plasmids pRSET-aSM6 encoding the *EhaSM6* fused to a 6X histidine tag was verified by sequencing and used to transform *E*. *coli* BL21 AI cells (Invitrogen). For overexpressing the recombinant protein (rEhaSM6), BL21 AI culture was grown to a cell density of ∼0.4--0.6 OD 600 at 37 °C. To maximize the yield of recombinant soluble protein, *E*. *coli* cells were cultured for 4 h at 25 °C with 0.2% L-arabinose as an inductor.

Soluble rEhaSM6 was purified under native conditions for the detection of aSMase activity. Briefly, harvested *E*. *coli* BL21 AI cells were resuspended with 50 mM NaH~2~PO~4~, 300 mM NaCl, 10 mM imidazole (pH 8) at 2 ml per gram of wet weight. Lysozyme was added to the cell suspension at a final concentration of 10 mg/ml, and the mixture was incubated 30 min, followed by three freeze-thaw cycles. The cell lysate was centrifuged at 10,000×g for 20 min, and the rEhaSM6 was purified from the supernatant fraction using Ni-NTA Agarose (Qiagen) as directed by the manufacturer. The purified proteins were applied to a Hi-Trap desalting column (Amersham Pharmacia Biotech) and eluted with 100 mM Tris--HCl, 20 mM NaCl pH 7.5 buffer. The activity of the purified recombinant aSMase6 was determined using the Amplex Red Sphingomyelinase Assay Kit (Molecular Probes) as directed by the manufacturer. Briefly, a two-step assay was performed in 50 mM sodium acetate pH 5.0 containing sphingomyelin (0.5 mM), 2% Triton X-100, with 0.5 μg of the recombinant protein at 37 °C for 1 h. Subsequently, 100 mM Amplex Red reagent, 2 U mL^−1^ horseradish peroxidase, 0.2 U mL^−1^ choline oxidase and 8 U mL^−1^ alkaline phosphatase were added and mixed with 25 μL of 100 mM Tris--HCl (pH 8.0). After incubation for 20 min at 37°C; the fluorescence at 582 nm was measured, with excitation at 556 nm, using a Fluoroskan Ascent FL (Thermo Scientific) luminescence spectrometer. In all the assays, background from the enzyme-free controls were routinely subtracted from the activities of samples containing enzyme extracts.

Generation of *E*. *histolytica* transfectant trophozoites overexpressing aSMase6 {#sec018}
---------------------------------------------------------------------------------

The *EhaSM6* coding sequence was PCR amplified from cDNA using sense and antisense oligonucleotides containing the appropriate restriction sites ([S1 Table](#ppat.1008016.s008){ref-type="supplementary-material"}). A sequence tag consisting of three tandem repeats of hemagglutinin (HA) peptide was added at the C-terminus of aSMase by cloning the PCR products into pEhEx \[[@ppat.1008016.ref123]\]. PCR fragments were digested with *Sma*I and *Xho*I and ligated into corresponding sites of the expression vector pEhEx. HM-1:IMSS trophozoites were transfected with the construct paSM6HA by liposome-mediated transfection as previously described \[[@ppat.1008016.ref124],[@ppat.1008016.ref125]\]. *EhaSM6* over-expressing transfectants were selected with 40 μg/mL of G418 and maintained as stable cell lines. Over-expression of *EhaSM*6 gene was determined by quantitative real-time PCR (qPCR). Also, the paSMHA-RFP construction was designed to obtain the over-expressing strain of HA-tagged sphingomyelinase fused to a Red Fluorescent Protein (RFP) \[[@ppat.1008016.ref060]\] in the C-terminal region (HM1-SM6HA-RFP).

Assay of secreted aSMase activity in *E*. *histolytica* {#sec019}
-------------------------------------------------------

Trophozoites in the exponential phase of growth were harvested. 3x10^5^ amoebae were placed per well of a 24-well cell culture plate and incubated at 37 °C in TYI-S-33 for 2 h. Adhered trophozoites were washed two times with Ca^2+^ free DMEM medium (Gibco, Life Technologies, Carlsbad, CA) and further incubated in 500 μL of DMEM medium containing 1.8 mM Ca^+2^ (Gibco, Life Technologies, Carlsbad, CA) at 37°C for the indicated time. After each incubation time, the collected supernatant was centrifugated at 15,890 x g for 3 min to remove any detached cells and the secreted aSMase activity was determined using the Amplex Red Sphingomyelinase Assay Kit, as described above.

Assay for NADP^+^-dependent alcohol dehydrogenase in supernatants of *E*. *histolytica* {#sec020}
---------------------------------------------------------------------------------------

Supernatants from the secreted activity of aSMase were collected and the activity of alcohol dehydrogenase was evaluated as described previously \[[@ppat.1008016.ref126]\]. Briefly, the buffer contains a 50 mM glycine/ NaOH buffer, pH 9.5, NADP^+^ 0--2 mM, 20 mM 2-propanol, and 150 μL of the sample is added to give a final volume of 200 μL. The reduction rate of NADP^+^ was evaluated at an absorbance of 340 nm at 25 °C for 60 min.

Plasma membrane damage assay {#sec021}
----------------------------

Adhered amoebae in a 24 well cell culture plate were washed with DMEM medium without Ca^2+^, and then replenish with complete DMEM medium (1.8 mM Ca^2+^) pre-warmed at 37 °C and PM damage was performed by adding streptolysin-O (SLO) (Sigma-Aldrich), the antimicrobial peptides Defensin and Magainin II (Sigma-Aldrich), and Triton X-100 (Sigma-Aldrich). After exposing the trophozoites to various incubation times, the viability of trophozoites was determined (see below), and cell-free supernatants were collected and assayed for the secreted aSMase activity as described above.

Susceptibility to complement-dependent lysis {#sec022}
--------------------------------------------

Assays for susceptibility to human complement lysis were carried out with trophozoites during the logarithmic phase of growth. A previously published protocol was followed with some modifications \[[@ppat.1008016.ref127],[@ppat.1008016.ref128]\]. Briefly, a total of 1×10^6^ trophozoites were incubated in buffer (PBS, 0.5 mM MgCl~2~, 1.25 mM CaCl~2~) with 50% normal human serum for 20 min at 37 °C. As a control for amoebic viability, trophozoites were incubated with heat-inactivated normal human serum (30 min at 56 °C). Trophozoites were centrifuged at 804 xg for 5 min, resuspended in 100 μl of PBS and stained with 0.2% Trypan blue dye (Microlab) to assess cell viability. The viability of the amoebae was measured by the exclusion of trypan blue dye. The average number of dead trophozoites that resulted from the incubation with heat-inactivated serum was subtracted from the average number of dead parasites incubated with normal human serum.

Induction of oxidative stress in trophozoites of *E*. *histolytica* by the addition of H~2~O~2~ {#sec023}
-----------------------------------------------------------------------------------------------

Adhered amoebae in a 24-well cell culture plate were washed with DMEM medium without Ca^2+^, then replenish with complete DMEM medium (1.8 mM Ca^2+^) pre-warmed at 37 °C and, different concentrations of H~2~O~2~ (0, 0.2, 0.5 and 1 mM) were added. The amoebas were incubated for 10 min to induce oxidative stress in the cells. After this time, the aSMase activity present in the supernatants and the viability of the trophozoites by trypan exclusion were evaluated.

Cell viability assays {#sec024}
---------------------

To evaluate the viability of trophozoites after SLO o Magainin II exposition, three methods were used: *i*) The viability of amoebae was measured by the exclusion of trypan blue dye. After plasma membrane damage, trophozoites were centrifuged at 804 xg for 5 min, resuspended in 100 μL of PBS and stained with 0.2% Trypan blue dye (Microlab). Viability was determined by counting the number of cells that did not incorporate the dye by light microscopy and counting 100 total trophozoites; *ii*) Live/Dead kit (Molecular Probes) was used according to the manufacturer\'s instructions. In brief, calcein-AM, and ethidium homodimer were added to trophozoites previously washed in PBS. Cells were incubated in these reagents for 10 min at room temperature and fluorescence was examined by epifluorescence microscopy (Zeiss Axioskop 40).

Lysosome, endosome and nucleus labeling assay {#sec025}
---------------------------------------------

For the staining of lysosomal compartments, live amoebae were growth in TYI-S-33 medium containing 2 μM Lysotracker Red DND-99 (Molecular Probes) for 14 h at 36°C. To label early endosomes, the amoebae stained with Lysotracker in exponential growth were harvested and transferred to coverslips placed in a 24 well cell culture plate and incubated at 37 °C for 2 h. The trophozoites were washed twice with Ca^2+^ free DMEM and further incubated in 500 μL of DMEM medium supplemented or not with SLO, and simultaneously exposed to 0.5 μg μL^-1^ fluorescein isothiocyanate (FITC)-labeled dextran (10,000 MW, Molecular Probes) followed by incubation at 37 °C for 1, 3 or 10 min. The cells were fixed for 10 min at room temperature with 3.7% paraformaldehyde in PBS and then incubated for 10 min at room temperature with 2 μM Höescht 33342 (Sigma-Aldrich, St. Louis, MO). Trophozoites were washed extensively with PBS, mounted using Vectashield (Vector Laboratories, Inc, USA) and recorded using a Zeiss LSM 700 confocal microscope.

Determination of the released cysteine proteinase activity {#sec026}
----------------------------------------------------------

Proteinase activity was measured using the synthetic peptide ZArg-Arg-pNA (Bachem) as a substrate \[[@ppat.1008016.ref129]\]. 20 μl of cell-free supernatants collected from the secreted aSMase activity assays were combined with 180 μl of PBS and 2 μl of the 10 mM stock substrate for 2 h at 37 °C, reading every 15 min. The release of p-nitroaniline was measured in a microplate reader (Multiskan Go Thermo Scientific) at 405 nm. One unit of activity is defined as the number of micromoles of substrate hydrolyzed per min.

Expression of another amoebic aSMases of the gene family in trophozoites that overexpress aSMase6 {#sec027}
-------------------------------------------------------------------------------------------------

RNA was isolated from 5×10^6^ log-phase *E*. *histolytica* trophozoites using the Trizol reagent (Invitrogen) following the manufacturer's protocol including DNase I (Qiagen) treatment. RNA was quantified, purity checked by absorbance at 260 and the 260/280 nm ratio respectively using a GeneQuant spectrophotometer (GE Healthcare), and integrity of isolated RNA was verified by gel electrophoresis. For first-strand cDNA synthesis, 3 μg of total RNA (DNA-free) isolated from amoebic trophozoites was reverse transcribed using Oligo (dT) and reverse transcriptase from the SuperScript II RT-system (Invitrogen) according to manufacturer's instructions. For qPCR experiments, sense and antisense primers were designed ([S1 Table](#ppat.1008016.s008){ref-type="supplementary-material"}) to amplify approximately 150 base pairs of the target gene sequences. qPCR was performed using the Step One Real-Time PCR System (Applied Biosystems) and Fast SYBR Green Master Mix (Applied Biosystems) following the manufacturer's protocol. Relative quantification was carried out using the delta-delta Ct method \[[@ppat.1008016.ref130]\] and *E*. *histolytica gapdh* gene transcript was used as house-keeping control. Two biological replicates were analyzed in triplicates.

Immunoblotting assays {#sec028}
---------------------

The trophozoites were harvested at the exponential phase of growth (5×10^6^ cells/ml) and washed twice with PBS pH 7.0. Trophozoites were re-suspended in lysis buffer (100 mM Tris--HCl pH 7.4 supplemented with 0.05 mM E64 and 1% Triton X-100) and disrupted with a hand homogenizer. Amoebic cell extracts were separated by SDS-PAGE and transferred to a nitrocellulose membrane (Hybond, Amersham Biosciences). Western blotting was performed using mouse anti-HA monoclonal antibody (1:500) (Invitrogen) as primary antibody and horseradish peroxidase-conjugated goat anti-mouse IgG (Amersham Pharmacia Biotech) as a secondary antibody and visualized using the alkaline phosphatase conjugate substrate kit (Bio-Rad). For equal amounts of protein, the concentration was determined by the DC Protein Assay (Bio-Rad).

Transmission electron microscopy of amoebae treated with SLO {#sec029}
------------------------------------------------------------

Trophozoites that had been exposed to SLO were washed once with PBS and twice with 0.1 M sodium cacodylate buffer at 37 °C and fixed for 3 h with 2.5% glutaraldehyde in 0.2 M sodium cacodylate buffer, pH 7.4. Fixed trophozoites were washed twice with 0.1 M sodium cacodylate buffer, post-fixed with 1.0% osmium tetroxide in 0.1M sodium cacodylate at 4 °C, dehydrated with ethanol at increasing concentrations and treated with propylene oxide. Trophozoites were embedded in EmBed 812 epoxy resins, polymerized blocks were cut using an ultramicrotome, and thin sections were stained with 2% uranyl acetate and 2% lead citrate. Trophozoites morphology was analyzed by transmission electron microscopy (TEM) with a JEM-1010 JEOL at 80 keV.

Supporting information {#sec030}
======================

###### Alignment between the predicted amino acid sequences of aSMases in *E*. *histolytica* and other organisms.

Two aSMases of eukaryotes and two acid sphingomyelinase type phosphodiesterases were aligned with the sequences *EhaSM1*, *EhaSM2*, *EhaSM3*, *EhaSM4*, *EhaSM5* and *EhaSM6* of *E*. *histolytica*. The abbreviations of species are as follows: aSMhuman, aSMase from *Homo sapiens*, aSMmouse, aSMase from *Mus musculus*, aSM-Lhuman, phosphodiesterase type sphingomyelinase from *Homo sapiens* isoform eB; aSM-Lmouse, acid sphingomyelinase-type phosphodiesterase of *Mus musculus* isoform 3a 1. The alignment was done using CLUSTAL W (Thompson *et al*., 1994). Residues conserved in all sequences are indicated by asterisks. The important residues for catalysis are highlighted in gray. The predicted residues for metal coordination (▲), the conserved hydrophilic/aromatic cluster (●), and the conserved asa-type motif for substrate recognition \"NX3CX3N\" (◊) are indicated in the alignment. The cysteines involved in the disulfide bonds associated with the activity and secretion of the protein are indicated in the C-terminal sequences (○). The three disulfide bonds are indicated respectively as S1, S2, and S3. Calcineurin domain is indicated with a red line.

(TIF)

###### 

Click here for additional data file.

###### ADH and released aSMase activity by *E*. *histolytica* after SLO exposition.

Activity of ADH and aSMase detected in supernatants collected after the amoebic exposition to different concentrations of SLO. The ADH activity detected in a total homogenate was used as 100% of activity. Different letters over the bars represent statistically significant differences at P ≤ 0.05 (Tukey--Kramer test).

(TIF)

###### 

Click here for additional data file.

###### Effect of Magainin and Triton X-100 on the secreted aSMase activity and viability of *E*. *histolytica* trophozoites.

**A**. Trophozoites treated with Magainin. a. Secreted aSMase activity after 10 min of exposition to Magainin in complete DMEM medium with Ca^2+^ in HM1-HA and HM1-SM6HA strains. b. Viability of trophozoites after interaction with Magainin. **B**. Trophozoites treated with Triton X-100. c. Secreted aSMase activity after 5 min of exposition to Triton X-100 in complete DMEM medium with Ca^2+^ in HM1-HA and HM1-SM6HA strains. d. Viability of trophozoites after interaction with Triton X-100. The percentage (%) indicates the viability of trophozoites by the exclusion of trypan blue. Different letters over the bars represent statistically significant differences at P ≤ 0.05 (Tukey--Kramer test).

(TIF)

###### 

Click here for additional data file.

###### Transmission electron microscopy of *E*. *histolytica* trophozoites suspended and exposed to SLO.

Trophozoites of HM1-HA (**A**) and HM1-SM6HA (**B**) were suspended and. exposed to 1.6 ng/μL of SLO for one min. Vesicles (v) and glycogen (g).

(TIF)

###### 

Click here for additional data file.

###### Secreted cysteine protease activity in transfectant trophozoites exposed to SLO.

The specific activity of CPs was determined using the supernatants of HM1-HA and HM1-SM6HA strains, using the CP specific synthetic peptide z-Arg-Arg-pNA. The release of para-nitroaniline was quantified at 405 nm, with the specific activity expressed in μmol of hydrolyzed substrate per min per mL of amoebic supernatant. Trophozoites were exposed to 1.6 ng/μl of SLO for three min at 37 °C. Different letters over the bars represent statistically significant differences at P ≤ 0.05 (Tukey--Kramer test).

(TIF)

###### 

Click here for additional data file.

###### Secreted aSMase activity of trophozoites of HM1-SM6-HA-RFP strain.

The aSMase activity was detected in cell-free supernatants of HM1-HA, HM1-SM6HA and HM1-SM6HA-RFP strains, collected after at 3 minutes in D-MEM medium at 37 ° C. Different letters over the bars represent statiscally significant differences at P ≤ 0.05 (Tukey--Kramer test).

(TIF)

###### 

Click here for additional data file.

###### Acidification of the extracellular medium on the periphery of the trophozoites.

The secreted activity of aSMase was carried out for 10 min in DMEM medium (pH 7.0). The pH was determined in 100 μl fractions from top to the bottom. **A**. Strain HM1-HA. **B**. Strain HM1-HA exposed with SLO. **C**. Strain HM1-SM6HA. **D**. Strain HM1-SM6HA exposed to SLO. The trophozoites were treated with 1.6 ng/μL of SLO for three min at 37 °C.

(TIF)

###### 

Click here for additional data file.

###### Primers used in this study for construct generation and quantitative and semi-quantitative PCR assays.

(PDF)

###### 

Click here for additional data file.

###### Expression levels of the EhaSM genes in the HM1-HA strain.

(PDF)

###### 

Click here for additional data file.

###### aSMase activity of recombinant EhaSM6 purified from *E*. *coli* and the effect of divalent cations.

(PDF)

###### 

Click here for additional data file.

###### Quantitative expression levels of EhaSM genes of *E*. *histolytica* in response to β-Defensin 2 exposition.

(PDF)

###### 

Click here for additional data file.

###### Quantification of endosomes present in trophozoites of strain HM1-HA and HM1-SM6HA of *E*. *histolytica* after treatment with SLO.

(PDF)

###### 

Click here for additional data file.
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